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We present a detailed case study of an exhumed continental strike-slip fault zone, the Ailao Shan-Red
River (ASRR) strike-slip fault zone, to investigate how deformation promotes strain localization, and
how the weak second phases and fluids trigger rheological weakening during retrogression near the duc-
tile to brittle transition during exhumation. Along the ASRR strike-slip fault zone, in the Diancang Shan
(DCS) metamorphic massif, high-temperature ductile deformation (D1) pervasively occurred during
shearing and exhumation since late Oligocene. The high-temperature microstructures and textures are
in part or entirely altered by subsequent low-temperature shearing (D2) since late Miocene, which is
under the conditions of frictional-viscous transition of K-feldspar (ca. 450 C) during further exhumation
to the upper crustal levels. The formation of D2 microstructures and shear bands overprinted high-
temperature intracrystalline plasticity phases (D1) in mylonitic rocks. Depending on the main rock-
forming minerals, the results also demonstrate that the brittle–ductile transition involves a combination
of different deformation mechanisms and possible rheological paths. In quartz-rich rocks, quartz was
deformed in the dislocation creep regime and records transition of microfabrics and slip systems during
decreasing temperature, which lasted until retrogression related to exhumation. As a result, grain-size
reduction associated with fluids circulating within the ASRR strike-slip fault zone at brittle–ductile tran-
sition leads to reaction and texture weakening. Rheological weakening is the consequence of the syntec-
tonic deformation, fluid flow, reaction softening, reaction creep and textural softening. The hydrous fluids
resulted in hydration of silicates. Decompression occurred during shearing and as a result of tectonic
exhumation. All these results demonstrate that the exhumation through the ductile to ductile-brittle
transition involves a combination of different deformation mechanisms, rheological transition features
and feedbacks between deformation, decreasing temperature and fluids in the ASRR fault zone.
 2016 Published by Elsevier Ltd.1. Introduction
Formation of major exhumed strike-slip fault zones represents
one of the most important dynamic processes affecting the evolu-
tion of the Earth’s lithosphere. Exhumed strike-slip fault zones
commonly serve as long-standing zones of weakness in the Earth’s
crust (e.g., Handy, 1989; Handy et al., 2007), and the manner in
which they form these zones of weakness are also highly known
to be of significant importance for earthquake mechanics (e.g.,Wesnousky, 1988; Stirling et al., 1996; Lyakhovsky et al., 2001;
Carpenter et al., 2011; Molnar and Dayem, 2010). In the brittle
regime, as the temperature increases with greater crustal depth,
a frictional fault with a high pore-fluid pressure changes to a duc-
tile shear zone with polymineralic viscous solid-state flow (Handy,
1989). Variations in physical-chemical conditions with depth
result, therefore, in changes in the degree of strain localization
from the uppermost crust and to the middle to lower crust, partic-
ularly in the increasing thickness of shear zones (Sibson, 1977;
Handy et al., 2007). There, fault rocks formed at great depths
during faulting are preserved in shear lenses with older fabrics
and are juxtaposed with such in later active fault cores, resulting
in a ‘‘telescoped” fault zone structure. It is generally believed thated con-
2 S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxxrheological weakening mechanisms play an important role for fault
localization as faults generally nucleate in the weakest zone (e.g.,
Schmid and Handy, 1991; Imber et al., 1997, 2008; Rosenberg,
2004; Handy et al., 2007; Molnar and Dayem, 2010; Yamasaki
et al., 2014). The question of how the exhumed strike-slip fault
zone structure varies as a function of depth, from the ductile lower
crust up through the seismogenic crust to shallow brittle crust near
the surface, remains in part unresolved.
Exhumed deep crustal rocks generally contain dominant miner-
als, in which shear concentration occurs in the rheologically weak-
est minerals. This exhibits contrasting patterns of microfabrics and
thermal conditions during their formation. One of the important
applications of microfabrics analysis is unraveling the possible
relationship between shear strength of deformed rocks and
strike-slip faulting. Quantitative studies of microfabrics in strike-
slip faults often provide important inferences and knowledge of
deformation processes, deformation temperatures, strain state
and deformation mechanisms that operated in exhumed strike-
slip zones (e.g., Tullis et al., 2007). Mylonitic shear zones are
believed to control the rheology of large parts of the continental
lithosphere (e.g., Handy et al., 2007 and references therein), which
are commonly characterized by steady-state microfabrics, e.g.,
with a stable bulk grain size distribution, shape preferred orienta-
tion (SPO) and crystallographic preferred orientation (CPO) (e.g.,
Herwegh and Kunze, 2002). It is also widely believed that rheolog-
ical weakening is associated grain size reduction by dynamic
recrystallization (e.g., Passchier and Trouw, 2005 and references
therein). The balance between the individual strain-
accommodating processes, the deformed grain aggregates, texture
development and different deformation mechanisms are closely
related to temperature, strain rate, grain size, fluid activity (e.g.,
Hirth and Tullis, 1992) and nano-scale second-phase particles
(e.g., Herwegh and Kunze, 2002). Many strike-slip fault zones gen-
erally exhibit progressive development of fabrics and mylonitic
microstructures, which usually show decreasing temperature and
pressure conditions with increasing strain during exhumation
(e.g., Cao et al., 2013). The superposed faulting and metamorphic
events along the fault zone are responsible for the development
of the lower temperature microstructures and textures or over-
printed textures associated with late stages of exhumation and
hydrothermal overprint (Cao et al., 2013). Therefore, to better con-
strain the evolution of deformation zones within major strike-slip
faults, detailed macro- and microstructural studies combined with
the evaluation of CPO of main rock-forming minerals, together
with deformation P-T estimates represent important tools for
obtaining information on deformation mechanisms operating in
naturally deformed rocks within such crustal sections.
In this study, based on structural fieldwork, we completed
detailed microstructural and quartz CPO investigations, and ther-
mobarometric calculations of retrogressive fabrics, to reveal the
significance of low-grade retrogression of high- and medium-
grade metamorphic and granitic rocks in the Diancang Shan
(DCS) metamorphic massif along the ASRR strike-slip fault zone.
These results, combined with previous studies, provide new
insights into the regional retrogression associated with exhuma-
tion during upward motion through the ductile to ductile-brittle
transition zone during cooling of the DCS metamorphic massif
along the ASRR strike-slip fault zone. The new data also provide
fresh insights into mechanisms of strain localization and rheologi-
cal transition microfabrics.
2. Geologic setting
The most spectacular tectonic activity in Southeast Asia is
widely cited as the consequence of Cenozoic continental collision
between the Indian and Eurasian plates since the EocenePlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Scienc(Tapponnier and Molnar, 1977). Combined tectonic and geomor-
phologic studies have yielded valuable insights into the tectonic
evolution of Southeast Asia. As indicated by paleomagnetic data,
the area of Southeast Asia is dominated by southeastward dis-
placement and clockwise rotation of the Indochina Block (e.g.,
Fujiwara et al., 2014). Large-scale strike-slip faults extend well
beyond the Himalaya and the Tibetan plateau, deep into the South-
east Asian continent (e.g., Molnar and Tapponnier, 1975;
Tapponnier et al., 1982, 1986; Chung et al., 1997; Replumaz
et al., 2004) (Fig. 1). The more than 1000 km long NW-trending
ASRR strike-slip fault zone is suggested to be the most pronounced
geological discontinuity in Southeast Asia (e.g., Tapponnier and
Molnar, 1977) (Fig. 1). Along the ASRR fault zone, four metamor-
phic massifs, e.g., the Xuelong Shan (XLS), DCS, Ailao Shan (ALS)
metamorphic complexes in China and the Day Nui Con Voi (DNCV)
metamorphic complex in Vietnam are juxtaposed to unmetamor-
phic sedimentary strata. The high-grade metamorphic complexes
preserve an abundance of information on the thermal and tectonic
evolution of the ASRR fault zone (e.g., Leloup et al., 1995; Tran
et al., 1998; Gilley et al., 2003; Liu et al., 2006, 2007; Cao et al.,
2011a,b) (Figs. 1 and 2a).
The four massifs along the ASRR fault zone comprise metamor-
phosed pelitic, mafic, carbonate rocks and granitic intrusions of
various, but dominant Cenozoic ages (e.g., Leloup et al., 1995;
Cao et al., 2011a,b,c; Liu et al., 2012). These rocks experienced
high-grade metamorphism and deformation under upper green-
schist to upper amphibolite or even granulite facies conditions
(e.g., Leloup and Kienast, 1993; Tran et al., 1998; Gilley et al.,
2003; Yeh et al., 2008; Cao et al., 2010, 2011a) and were subse-
quently sheared at relatively low temperatures during late tectonic
processes (Cao et al., 2011a). In many places, they are bounded by
brittle faults to Mesozoic or Cenozoic basins on both sides of the
ASRR fault. For example, on the eastern and western sides of the
ALS massif are the Mesozoic Chuxiong and Cretaceous-Cenozoic
Lanping-Simao basins, respectively (Fig. 1). The DCS massif is bor-
dered by the Cenozoic Erhai Lake basin and the Lanping Mesozoic
basin, respectively (e.g., Bureau of Geology and Mineral Resources
of Yunnan, 1983) (Figs. 1 and 2).
The deformation processes and exhumation mechanics of the
DCS massif has long been a matter of debate. Although recent geo-
dynamic models have highlighted the insights into the tectonic
evolution and exhumation of deep crustal rocks along the ASRR
shear zone under the framework of a continent-continent colli-
sional orogen, controversy still exists in regard to the timing and
mechanisms of exhumation of the metamorphic complexes along
the ASRR zone, in particular how the low-grade retrogression
metamorphism and related retrogressive deformation during
faulting. The composition of low-grade metamorphic rocks and
their deformation microfabrics and mechanics may provide infor-
mation about fluid sources, fluid circulation, pressure and
temperature-conditions, chemical alteration processes and fault
rheology in general (e.g., Herwegh and Kunze, 2002; Gratier
et al., 2002; Herwegh et al., 2005; Cao et al., 2013).
3. Geological framework of the DCS metamorphic massif along
the ASRR fault zone
3.1. Structure of the DCS metamorphic massif
The DCS metamorphic massif is a narrow and elongated meta-
morphic massif trending NNW-SSE (Fig. 2a). The structural geology
of the DCS area is dominated by two main tectono-metamorphic
zones, including the central high-grade complex with high-
temperature mylonites and the eastern retrograde zone, in which
the high-grade complex was subjected to lower greenschist retro-
grade metamorphism (Cao et al., 2011a). Proterozoic high-graderade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 1. Tectonic sketch map of Southeast Asia. (a) Simplified geological sketch of the extrusion of Indochina in response to northward penetration by India. (b) Tectonic sketch
map showing the main tectonic zones and the location of the Ailao Shan-Red River (ASRR) shear zone at the eastern margin of the SE (modified after Tapponnier et al., 1986
and Cao et al., 2011a). GLGSZ = Gaoligong shear zone; SGSZ = Sagaing shear zone; TPSZ = Three Pagoda shear zone; WCSZ = Wang Chao shear zone; LMSF = Longmen Shan
Fault; XSH-XJF = Xianshuihe-Xiaojiang Faults; DBPF = Dien Bien Phu Fault; ASRRSZ = Ailao Shan-Red River shear zone; XLS = Xuelong Shan; DCS = Diancang Shan; ALS = Ailao
Shan; DNCV = Day Nui Con Voi.
S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxx 3metamorphic rocks, e.g., amphibolite, marble, schist, minor quart-
zite and sillimanite schist, as well as plutonic intrusions of various
ages are widely exposed in the central high-strain shear zone. The
high-temperature metamorphic assemblages reached amphibolite
facies and are preserved in central part of the massif (e.g., Leloup
et al., 1995; Cao et al., 2010, 2011a,b; Liu et al., 2012).
The main stage of deformation and recrystallization of rocks
accompanied anatectic melting and can unequivocally ascribed to
ductile shearing under high-temperature metamorphic conditions
along the ASRR shear zone. The deformation structure in the
outcrop-scale is characterized by a subhorizontal stretching lin-
eation, and isoclinal folds with lineation-parallel hinges in mylo-
nites. Lineation predominates over foliation in the fabric
components of the mylonites, which show typical L S tectonic
fabric (L-tectonite) (D1). Locally, there are L-S-tectonites that arePlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencdefined by a prominent stretching lineation and an equally devel-
oped foliation. High-temperature mylonites of mostly of granitic
and amphibolitic composition compose the DCS core. In the mylo-
nites, a well-developed stretching lineation L1 is constituted by lin-
ear arrangement of elongated quartz-feldspar aggregates,
amphibole and biotite grains. The strong stretching mineral lin-
eation L1 is plunging subhorizontally to the NW–SE or NNW–SSE
(Cao et al., 2010, 2011b) (Fig. 4a–c). The mylonitic foliation dips
steeply west along the western side of the zone and steepens to
a nearly vertical attitude in the narrow central zone. Along the
eastern and southeastern slopes, the foliation of hornblende-
plagioclase gneiss and mica-schist dips gently to the east and
southeast. Asymmetric sheath folds are common both in sheared
gneisses (such as sillimanite- or amphibole-gneiss) and granitic
rocks, which suggest intense ductile shearing within the entirerade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 2. Geological map of the Ailao Shan-Red River (ASRR) shear zone and DCS metamorphic massif. (a) Geological map of the Ailao Shan-Red River shear zone exposing four
metamorphic complexes. (b) Geological map of the DCS area modified from Yunnan Bureau of Geology and Mineral Resources, 1994.
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veins (Fig. 4b), S-C/C0 mylonitic fabric, asymmetric fabrics (e.g.,
sigma- and delta-types of feldspar and hornblende porphyroclasts)
and asymmetric pressure shadows, suggests that the high-grade
metamorphic rocks and most leucocractic intrusions experienced
progressive left-lateral shearing (Cao et al., 2011a,b).
A structural zone along the eastern margin of the high-grade
DCS massif is composed of rocks, which were sheared during retro-
grade metamorphism at lower greenschist facies conditions (D2).
The retrograde zone overprinted the high-temperature metamor-
phic belt, is more than 1500 m thick and is truncated by a brittle
normal fault along the eastern edge of the DCS mountain range
(Fig. 2b). The chloritic mylonites constitute the major part of the
retrograde mylonite zone (Fig. 4d–f). Typical examples of deforma-
tion structures in mylonites include hot striae (Fig. 4e), and
fractured feldspar aggregates. They contain green biotite, mus-
covite, chlorite, sericite, albite and quartz. Hornblende, feldspar
and biotite are chloritized to form a new rock foliation. Some
granitic plutons were sheared and represent L-S fabrics with equalPlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencdevelopment of foliation and stretching lineation (Fig. 4c). The
foliation is marked by the preferred orientation of planar minerals
(e.g., chlorite, muscovite and green biotite), quartz aggregates and
by flattened feldspar. The foliation strikes NNW–SSE or N–S and
dips to the E or SSE. Striae, mostly defined by the growth of fibrous
chlorite and white mica grains, are widely distributed at the
easternmost, marginal part of this zone. Some weak stretching
lineations L2 show high plunge angles of up to 30–60. S–C fabrics
are formed with S-planes defined by grain aggregates of elongated
quartz and fractured plagioclase and C-planes composed of
chlorite, muscovite and biotite grains. The shear sense indicators,
e.g., S-C and bookshelf fabrics, show typical top-to-the-east or
southeast shearing (Fig. 4d) (Cao et al., 2011b).
3.2. Cooling path of DCS metamorphic massif during exhumation
Various minerals (e.g., zircon, amphibole, muscovite, biotite, K-
feldspar and apatite) with different closure temperatures are used
as thermochronometers to help resolve polyphase deformation,rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxx 5cooling history and exhumation processes. Dating helps recon-
struct the timing of shearing and cooling path of a given area over
temperature ranges from greater than 700 C to ca. 160 C (e.g.,
McDougall and Harrison, 1999; Cao et al., 2011a).
Several studies have classified magmatic rocks in ASRR fault
zone as pre-, syn- and post-tectonic intrusions (Schärer et al.,
1990, 1994; Searle, 2006; Cao et al., 2010). The zircon U/Pb
geochronological results suggest that the left-lateral ductile shear-
ing along the ASRR shear zone was initiated at ca. 31 Ma (Cao et al.,
2011b), culminated between ca. 27 and 21 Ma (Chung et al., 1997;
Cao et al., 2011b) resulting in high-temperature metamorphic con-
ditions and slowed down at ca. 20 Ma. The tectonic deformation
that led to the cooling and exhumation of these massifs has its
counterparts on a regional scale. The 40Ar/39Ar geochronological
data of the amphibole, muscovite, biotite and K-feldspar revealed
ages ranging from 27 to 4 Ma (Cao et al., 2011a). These data,
together with some of the U-Pb zircon ages (e.g., Cao et al.,
2011b), shows three stages of temperature-time-integrated
cooling-deformation-exhumation history of the DCS metamorphic
complex in the temperature range from ca. 700 to 160 C and ages
from the Eocene (31 Ma) to the Pliocene (4 Ma) (Fig. 3a). The initi-
ation of the unroofing of the DCS massif resulted from ductile
left-lateral shearing along the ASRR fault zone since the late
Oligocene. Diachronous onset and subsequent cooling and
exhumation characterized the early thermal history of the massif.
The first stage of exhumation might have stopped due to the cessa-
tion of the left-lateral shearing at ca. 21 Ma, although cooling con-
tinued until 13 Ma ago to low-temperature conditions. The second
and third stages of cooling started from 13 Ma and lasted until the
recent active faulting. The diversity of cooling rates during the sec-
ond stage from 13 to 4 Ma suggests differences in exhumation
rates of various localities within the DCS massif. Ductile to brittle
retrograde normal shearing along the eastern flank is the best
explanation for the exhumation during this stage. The inhomoge-
neous cooling and exhumation of the strike-slip fault zone possibly
resulted from the tilting of the lower plate or differential exhuma-
tion of slabs in the lower plate.
4. Deformation microstructures during retrogression (D2)
4.1. Sampling and approach
In this section, we describe the methodologies used to describe
microstructures from the retrogression mylonitic rocks from the
eastern and southern margins of the DCS metamorphic massif.
The majority of samples were quartzites or quartz-rich micaschists
and granites. Thin sections were made from the samples andFig. 3. Cenozoic thermal history of the DCS metamorphic massif, Yunnan province, Chin
temperature-time-depth path of the DCS metamorphic massif. The ages of shearing al
amphibole (Amp), muscovite (Mus.) and K-feldspar (Kfs) (compilation of data from Lelo
Please cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencexamined under a petrographic microscope and several of these
thin sections were chosen to characterize the rheological proper-
ties of low-grade retrogression. The parameters were considered
as controlling the deformation behavior and rheological weakening
properties of the rocks including (1) the mineral phase accommo-
dating the majority of deformation, (2) microfabrics, (3) grain size,
(4) dominant deformation mechanism, (5) fluid, (6) texture, and
(7) metamorphic temperature and pressure of deformation. All
thin sections prepared for microstructure and texture analysis
were cut parallel to the kinematic X-Z plane (X–parallel to lin-
eation, Y–parallel to foliation and normal to lineation, and Z–nor-
mal to the foliation). Typical microstructures are described from
quartz, feldspar, chlorite and white mica (Figs. 5 and 6). Microfab-
rics are mostly related to retrogressive low-temperature ductile
deformation (D2). Such characteristics are exemplified by fine-
grained mylonitized micaschist, mylonitic granite and mylonitic
phyllite. Distinctive microstructures were obtained through
quartz, feldspar, white mica and chlorite as described below.4.2. Description of microstructures
In these mylonitic rocks, the D2 deformation is most commonly
characterized by the development of a second continuous and dis-
continuous penetrative foliation S2 and lineation L2, and a ca. NE-
or NEE trending stretching lineation L2 (Figs. 4e and 5). The miner-
als of aligned muscovite, biotite, chlorite, quartz-feldspar-rich
domains and elongated feldspar porphyroclasts define a penetra-
tive foliation (S2). The lineation is defined by the preferred parallel
alignment of the longest dimension of asymmetric feldspar por-
phyroclasts, stringers of quartz grains, and elongated aggregates
of recrystallized quartz, white mica and chlorite. D2 fabrics are ten-
tatively related to ductile low-angle normal faulting (Cao et al.,
2011a). The progressive development of microstructures broadly
indicates low temperature retrogression deformation (D2) over-
printing on high-temperature deformation (D1). Relictic recrystal-
lized feldspar porphyroclasts (D1) in porphyroclastic lenses have
an elongated shape with lobate boundaries and deformed-
twinning, (Fig. 5a). Elongated feldspar porphyroclasts present
undulose and inhomogeneous extinction. The microstructures of
elongated feldspar porpyroclasts indicate dislocation creep (mainly
dislocation glide) as the main deformation mechanism associated
with low-temperature grain boundary migration or bulging recrys-
tallization in the tails of feldspar grains (Fig. 5a). Certain porphyro-
clastic feldspar grains are fractured with domino-, sigma- and
delta-type shear fabrics (Fig. 5b–d). These fabrics support a tem-
perature of deformation at ca. 350–500 C (Passchier and Trouw,
2005). Muscovite and chlorite grains occur immediately adjacenta. (a) Temperature-time cooling path of the DCS metamorphic massif. (b) Pressure-
ong the ASRR shear zone are from U-Pb zircon and the cooling ages from zircon,
up et al., 1993, Cao et al., 2011a,b,c and Liu et al., 2012.
rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 4. Some representative outcrop-scale deformation structures. (a) Highly deformed granite mylonite with a NW trending stretching lineation to form L-tectonic fabric
formed during high-temperature shearing; (b) granitic mylonite with sigmoidal K-feldspar fabric and a NW trending stretching lineation (L1) L-tectonic fabric formed during
sinistral high-temperature shearing; (c) oblique view of the L-S tectonic fabric of a porphyritic mylonitic orthogneiss. Low-strain zone with porphyric feldspar, quartz ribbons
and shear bands of phyllosilicates, and high-strain zone with quartz ribbons and less porphyric feldspar; (d) shear bands and S-C fabrics in the chloritic mylonitic micaschist
with the shear sense of top-to-the-east or southeast directed movement; (e) chloritic mylonite with a foliation plane. ‘‘Hot striae” or a second stretching lineation (L2) are
common on the foliation and have a consistent southeastward trend; (f) chloritic mylonite with K-feldspar porphyroclast and a well-developed foliation.
6 S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxxto K-feldspar fractures and porphyrolasts (Fig. 5a–f). Feldspar
phases appear affected by low-T alteration. Because the K-
feldspar fractures filled with chlorite where the chlorite grains
nucleated along feldspar porphyroclast boundaries are obviously
rotated or dragged (Fig. 5a–d), the influx of Mg, K-rich fluids and
hydrothermal alteration must have occurred during almost all pen-
etrative ductile to brittle deformation. The quartz microstructures
were subsequently affected by superimposed low-temperature
deformation, also evidenced by fine grains formed by dynamicPlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencrecrystallization (Fig. 5c and e). Some polygonized grains of quartz
occur in pressure shadows on both sides of feldspar grains (Fig. 5c).
These have been interpreted as a major imprint of a late strain
increment. The overprint can be correlated with the low-
temperature bulging recrystallization (BLG). Coexistence of recrys-
tallized polygonal quartz grains and irregular feldspar grains
induced by both dynamic recrystallization as well as local ultracat-
aclasites indicate deformation at the ductile-brittle transition
along the eastern retrograde zone.rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 5. Microscopic deformation characteristics of retrogressed mylonitic rocks. (a) Elongated and deformation-twinned feldspar (Plag) porphyroclasts in a matrix of feldspar,
quartz (Qtz), minor muscovite (Mus) and chlorite (Chl). In the tails of elongated K-feldspar porphyroclasts, fine feldspar and quartz grains with bulging recrystallization (BGR)
and dragged, oriented chlorite and muscovite occur. The intergrowth of muscovite, chlorite and quartz indicates an arrested reaction replacement of feldspar. (b) Fractured
large K-feldspar porphyroclasts surrounding muscovite and chlorite. K-feldspar is breaking into fragments, which are separated from the matrix by a continuous folium of
muscovite and chlorite. (c) and (d) Bands of quartz, muscovite and feldspar define a differentiated foliation and lineation. Chlorite flakes fill the fractures of the porphyroclast
and wrap around the tails. Dragging indicates a sinistral shear sense, indicating syntectonic fluid activity during retrogression. (e) and (f). Delta fabrics of feldspar
porphyroclast surround dragged muscovite and chlorite and indicate a sinistral shear sense during retrogression. Bands of quartz, muscovite and feldspar define a
differentiated foliation. Small brittle zones cross the foliation filled with muscovite, chlorite and opaque minerals. a, b, d and e are microphotographs with crossed polarizers,
c and f are with parallel polarizers. All thin sections are XZ section.
S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxx 7The microfabrics contain sigma and delta-type feldspar por-
phyroclasts with dragged tails of chlorite, muscovite and biotite
(Figs. 5c–f and 7). S–C fabrics are formed, with S-planes defined
by elongated feldspar and C-planes by grain aggregates of chlo-
rite, white mica, quartz and feldspar grains. In samples, shear
bands were pervasively developed at D2 phase, although the
degree of development is different among samples (Fig. 6). Shear
bands initially developed as narrow bands decorated by new-
grown aligned chlorite and white mica (Fig. 6). It is noted that
not only the long axes of recrystallized chlorite and white micaPlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencgrains were bent toward the orientation of shear bands by
dragging forming deformation bands, but also very fine quartz
and feldspar grains were formed along shear bands. These very
fine-grained mineral aggregates along narrow shear bands origi-
nated during dynamic recrystallization, which are formed in
high-strain localization along shear bands. Shear bands became
wide and often developed to the ones with the widths up to
1.5 mm with increasing amount of shearing (i.e., micro-shear
zones) (Fig. 6a–f). These consist of aggregates of very fine-
grained chlorite, muscovite, quartz and feldspar grains with arade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 6. Retrogressive microstructures within mylonitic rocks. (a) and (b) Fine quartz grains, feldspar and muscovite and relictic elongated feldspar prophyroclasts form a
localized micro-shear zone, which is composed of sheared chlorite together with elongated feldspar prophyroclasts, fine-grained feldspar, quartz, and muscovite. (c) and (d)
Extremely fine quartz grains, feldspar and muscovite forming localized micro-shear zones. (e) and (f) Re-oriented fine-grained chlorite and muscovite forming localized
micro-shear zones. a, c, e and f are microphotographs with crossed polarizers; b and d are with parallel polarizers. All thin sections are XZ section.
8 S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxxdiameter of 1–50 lm. Chlorite and muscovite also developed not
only along shear bands, but also in some dilatant spaces. It
should be noted that dissolution of feldspar is extensive at the
interface between feldspar lenses and micro-shear zones, where
the recrystallized feldspar grains are perhaps truncated by chlo-
rite and white mica grains indicating the dissolution front. The
various criteria, e.g., shear bands, S-C or ECC (extensional crenu-
lation cleavage) structures defined by grain aggregates and by
strongly elongated grains, in rock samples and thin sections, as
well as sigma or delta fabrics of feldspar and mica fish, consis-
tently indicate bulk to- the NE or NEE shearing related to D2
along at the south-eastern and eastern boundary of the lower
unit within the DCS massif. Thus, the low-temperature overprint
is associated with extension during deformation. This kinematicPlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencinterpretation is supported by the CPO investigations of quartz
outlined in Section 5.5. Quartz CPOs
5.1. Electron-backscatter diffraction (EBSD) method
Thin sections were cut from the samples and polished using
Buehler Mastermet colloidal silica and a Buehler grinder-polisher.
Quartz CPOs were measured using an electron-backscatter diffrac-
tion (EBSD) detector mounted on a tungsten filament of a Hitachi
S-3400N-II scanning electron microscope (SEM) at the China
University of Geosciences, Beijing. Highly polished thin sectionsrade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 7. Quartz textures measured by EBSD from the retrogressed mylonitic rocks of the DCS metamorphic massif. Equal area projections, lower hemisphere, contoured at
interval uniform distribution. The foliation is horizontal and lineation is in the plane in the E–W direction. The number of quartz analysis (n) in each sample is shown.
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10 S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxxwere prepared without cover and lapped finally using a colloidal
silica suspension with a particle size of 500 nm for 1–3 h. Then
the thin sections were put in the scanning electron microscope
chamber with a 70 tilt angle and with the rock lineation
(structural X reference direction) parallel to the SEM X-axis. The
electron backscatter patterns (EBSP) were acquired at a low accel-
eration voltage of 15 kV and a beam working distance of ca. 18–
20 mm. Conducting resin taps attached to the sample surface sur-
rounding the measurement area were used to reduce charging
effects. The EBSP data acquisition was done using both point scan
and mapping modes. Indexing was accepted when at least six
detected kikuchi bands matched with those in the standard reflec-
tor file for the analyzed mineral phases and indexed points with a
Mean Angular Deviation (MAD) larger than 1.2 (between detached
and simulated patterns) were eliminated to avoid suspicious
indexing. Although some small step sizes will produce duplicate
measurements in some big grains, the results are statistically reli-
able. EBSP analysis was completed using the HKL Channel 5 soft-
ware package. The pole figures were plotted in equal area
stereographic diagrams of the lower hemisphere with the trace
of the mylonitic foliation (S) and the stretching lineation (L) as ref-
erence directions. Systematic mis-indexing was noted in auto-
mated orientation maps and such data were replaced by zero
solution pixels.
5.2. Quartz CPOs
CPOs of quartz were investigated mainly on retrogressed
mylonitic granite, quartzite and micaschists from eastern part of
DCS massif. The volume fraction of quartz in these samples
mostly varies from 40 to 70%. All textures of quartz were mea-
sured from the homogenously distributed areas. The quartz mea-
surements from these samples result in different c-axis patterns
that reflect different quartz microstructures. The results of the
textures are presented in Fig. 7. The primarily observed c-axis dis-
tributions can be broadly classified into three main types of fab-
rics. These are: (1) elongated Y maxima (Fig. 7a), elongated Z
maxima with a single girdle (Fig. 7b) and (3) Z maxima with sin-
gle girdles (Fig. 7c and d).
A well-developed quartz c-axis girdle pattern occurs in
granitic mylonite, which is characterized by a strong maximum
in the center (Y-direction) (Fig. 7a). The fabric patterns are
commonly held indicative for middle temperature deformation
with combined dislocation creep prismatic hai and rhomb hai
slip (e.g., Schmid and Casey, 1986). The weak submaxima girdle
was attributed to a low-temperature superimposition during
subsequent deformation. The fabrics are ascribed to a disloca-
tion creep basal hai slip during low-temperature non-coaxial
deformation (Stipp et al., 2002), which is consistent with micro-
scopic observations. The quartz elongated c-axes maxima with a
simple single girdle patterns are observed in quartzitic mylo-
nites (Fig. 7b). The patterns indicate dislocation creep activity
of basal hai slip and weak rhomb ha + ci slip systems with less
frequent prism hai slip, suggesting a strong low-temperature
deformation overprint on a medium-temperature deformation
texture. Asymmetric single girdle fabrics passing through the
Y-direction are observed in the mylonitic micaschists
(Fig. 7c and d). The concentrations of c-axes are close to the
Z-axis. The girdle patterns show counterclockwise rotation with
respect to the XZ plane. In contrast to the patterns of other
samples, these patterns suggest dominant activation of the hai
basal slip of the deformation at lower temperatures, possibly
under lower greenschist facies conditions. These patterns are
slightly asymmetric, recording a significant component of non-
coaxial deformation, consistent with top-to-the-SE sense of
shear.Please cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Scienc6. Temperature and pressure of retrogression
6.1. EPMA methodology
Electron Microprobe Analysis (EMPA) of mineral chemistry of
white mica and chlorite were carried out on a JEOL electron micro-
probe (JXA-8600) at the Department Geography and Geology,
University of Salzburg, using a wavelength dispersive system. We
used an acceleration voltage of 15 kV and a sample current of
40 nA. Natural and synthetic mineral standards were used to cali-
brate the microprobe and raw data was reduced using standard
ZAF correction. The detection limits (2r) for the elements Si are
Al are 0.06 wt% and 0.04 wt%, respectively, for Na, K, Mg, Mn, and
Fe are 0.025 wt%.6.2. Chlorite geothermometry
According to microscopy and backscatter electron analysis
(BSE) (Figs. 5, 6 and 8), two microfabric types are observed in white
mica and chlorite, (1) type I, white mica and chlorite are occurring
surrounding the feldspar porphyroclasts and are dragged in the
tails of the porphyroclasts, indicating shearing and shear sense;
and (2) type II-micro-shear zones. The sheared minerals occur
within very fine-grained sheared bands, which represent mixtures
of white mica and chlorite with apparent disequilibrium bound-
aries. We selected these chlorite-bearing mylonitic samples for
thermobarometry to obtain constraints on the temperature condi-
tions of retrogression shearing (D2). Three different types of com-
position chlorite geothermometers were applied in this work: (1)
geothermometer of Cathelineau (1988) (T1) based on the number
of tetrahedral Al; (2) geothermometers of Kranidiotis and
MacLean (1987) (T2) and Jowett (1991) (T3) based on the number
of tetrahedral Al and the value Fe/(Fe + Mg).
The results by the application of these three geothermometers
to analyzed chlorites are summarized in Table 1. Chlorite ther-
mometry of Type 1 yields results mainly ranging from 330 to
390 C (Table 1), and in most cases, temperatures ranging from
350 to 380 C (Fig. 8a–d), and ca. 240–300 C for Type II-micro-
shear zones (Fig. 8e and f). The sheared generation has very fine-
grained sheared bands, which represent mixtures of white mica
and chlorite with apparent disequilibrium boundaries. The temper-
ature of Type II-micro-shear zones is clearly sub-greenschist facies.
The lower temperature group is interpreted to result from later-
stage overprint, which affected older microfabrics. Chlorite is
seemingly accessible to late-stage resetting.6.3. White mica and pressure path
Table 2 shows selected results of individual analyses of white
mica (Fig. 8e and f). The structural formulae of white mica have
been calculated on basis of 22 oxygens. The Si (Atoms per formula
units: a.p.f.u.) of white mica ranges from 6.60 to 6.10 and their Mg
+ Fetot (a.p.f.u.) ranges from 1.37 to 0.17. Detailed compositions of
samples are described respectively as follows.
In sample DC1040, three compositional clusters are found in
white mica: Si-high white mica (Si  6.51 atoms per formula units
- a.p.f.u.), Si-low muscovite (Si  6.21). The Si content in white
mica is controlled by the Tschermak substitution and increases
with increasing pressure at constant bulk rock chemistry
(Massonne and Schreyer, 1987). Compared to microstructure and
back-scattered electron (BSE) images, Si-high white is phengitic,
whereas muscovite is found in the matrix. However, Si-low mus-
covite is generally found in the micro-shear zones and matrix
and surrounding the feldspar porphyroclasts. We, therefore, sug-
gest that the Si-high phengite together with feldspar porphyroclastrade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 8. Back-scatter electron images of microfabrics containing chlorite (with points of calculated temperatures of chlorite), muscovite, feldspar and quartz and in mylonitic
rocks. (a) and (b) Elongated and fractured K-feldspar porphyroclast surrounding chlorite and muscovite. Chlorite is filled in fractures of between fragments of feldspar
porphyroclasts. Muscovite and chlorite are oriented parallel the long axis of K-feldspar porphyroclasts. (c) Fine-grained muscovite, chlorite, feldspar and quartz in the matrix
and surrounding K-feldspar porphyroclast. (d) Fine-grained muscovite and chlorite filling and surrounding the feldspar porphyroclast. (e) and (f) Extremely fine-grained
chlorite and white mica forming a micro-shear zone. The chlorite thermometry indicates lower temperature conditions than in other microfabrics.
S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxx 11represent the equilibrium high-pressure mineral assemblage.
This assemblage is characteristic of the transition that Si-low
phengite, chlorite and the chloritized biotite are the products
of the partial retrogression of this primary assemblage at lower
pressure.
In sample DC1037, the white mica grains have two composi-
tional clusters: Si-high white mica (Si  6.60 a.p.f.u.) and Si-low
muscovite (Si  6.10). The Si-high white mica are from the matrix.
The Si-low muscovites are from the micro-shear zones.Please cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth SciencIn sample DC1008, two compositional clusters are found in
white mica: Si-high white mica (Si  6.51 a.p.f.u.), and Si-low mus-
covite (Si  6.13). However, in sample DC1007, most white mica
with a Si-low a.p.f.u. at ca. 6.13–6.19 occurs in the fine-grained,
sheared portions of the micro-shear zones.
In all investigated samples, we note that there is a continuous
composition range of white mica from phengitic white mica in
the matrix to nearly pure muscovite occurring in the micro-shear
zone. The white mica shows, high Si contents ranging from 6.40rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
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Table 2
Representative compositions of white mica.
Sample no. DC1040_1 DC1040_2 DC1040_3 DC1040_4 DC1040_5 DC1040_6 DC1040_7 DC1040_8 DC1040_9 DC1040_10 DC1040_11 DC1040_12 DC1040_13
Chemical composition (wt%)
SiO2 45.03 44.54 44.22 45.51 45.19 46.46 44.64 45.52 46.28 45.00 45.45 46.68 46.28
Al2O3 31.33 31.65 27.92 30.38 29.83 30.48 29.18 30.14 28.91 30.84 31.06 27.90 29.36
MgO 1.23 1.13 2.94 1.59 1.81 1.59 1.58 1.78 2.11 1.21 1.26 2.19 1.68
Na2O 0.50 0.45 0.31 0.36 0.44 0.33 0.40 0.35 0.33 0.45 0.53 0.34 0.30
CaO 0.06 0.05 0.08 0.05 0.07 0.04 0.07 0.02 0.01 0.02 0.05 0.03 0.00
TiO2 0.44 0.53 0.72 0.80 0.69 0.67 0.60 0.70 0.58 0.29 0.42 0.38 0.49
FeO 4.26 3.65 6.34 4.17 4.67 4.23 4.30 4.32 4.75 3.60 4.33 4.80 4.14
MnO 0.01 0.01 0.07 0.00 0.04 0.00 0.02 0.02 0.01 0.00 0.00 0.00 0.01
Cr2O3 0.01 0.01 0.01 0.04 0.03 0.00 0.03 0.01 0.05 0.00 0.00 0.00 0.00
K2O 10.60 10.65 10.08 10.74 10.62 10.91 10.79 10.90 10.77 10.90 10.70 10.82 10.99
Total 93.48 92.66 92.69 93.64 93.39 94.72 91.61 93.76 93.81 92.32 93.79 93.14 93.25
wm⁄ wm wm wm wm wm wm wm wm wm wm wm wm
Structural formulae on the basis of 22 negative charges
Si 6.24 6.21 6.26 6.29 6.29 6.35 6.33 6.30 6.41 6.30 6.28 6.51 6.43
Al 5.11 5.20 4.66 4.95 4.89 4.91 4.88 4.92 4.72 5.09 5.05 4.58 4.80
Mg 0.25 0.23 0.62 0.33 0.38 0.32 0.33 0.37 0.44 0.25 0.26 0.46 0.35
Na 0.13 0.12 0.08 0.10 0.12 0.09 0.11 0.09 0.09 0.12 0.14 0.09 0.08
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00
Ti 0.05 0.06 0.08 0.08 0.07 0.07 0.06 0.07 0.06 0.03 0.04 0.04 0.05
Fe 0.49 0.43 0.75 0.48 0.54 0.48 0.51 0.50 0.55 0.42 0.50 0.56 0.48
Mn 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
K 1.87 1.89 1.82 1.89 1.89 1.90 1.95 1.92 1.90 1.95 1.88 1.92 1.95
Sample no. DC1040_14 DC1037-1_01 DC1037-1_02 DC1037-1_03 DC1037-1_04 DC1037-1_05 DC1037-1_06 DC1037-1_07 DC1037-1_08 DC1037-1_09 DC1037-1_10 DC1037-1_11 DC1008_1
SiO2 45.86 45.83 46.90 35.55 45.37 46.21 47.08 44.13 40.54 46.23 46.25 45.96 45.66
Al2O3 29.88 26.36 26.23 22.12 25.48 28.31 26.46 23.88 21.27 26.97 27.39 26.33 34.02
MgO 1.61 2.74 2.44 10.48 2.92 2.23 2.77 4.44 7.66 2.48 2.45 2.84 0.55
Na2O 0.36 0.13 0.11 0.07 0.14 0.14 0.08 0.21 0.04 0.15 0.13 0.25 0.72
CaO 0.03 0.03 0.03 0.02 0.03 0.03 0.02 0.03 0.05 0.02 0.03 0.04 0.03
TiO2 0.61 0.31 0.22 0.15 0.43 0.16 0.35 0.46 0.34 0.38 0.37 0.40 1.40
FeO 4.28 5.57 6.40 15.12 6.17 5.08 5.42 8.44 12.19 5.49 5.47 5.47 1.80
MnO 0.04 0.02 0.03 0.29 0.08 0.06 0.04 0.05 0.10 0.02 0.03 0.03 0.00
Cr2O3 0.00 0.04 0.05 0.05 0.04 0.00 0.00 0.00 0.01 0.06 0.02 0.02 0.04
K2O 10.97 10.76 11.11 4.52 10.80 10.68 10.48 9.76 7.21 10.71 10.57 10.56 10.29
Total 93.65 91.78 93.52 88.36 91.46 92.92 92.72 91.40 89.42 92.52 92.72 91.92 94.52
wm wm wm wm wm wm wm wm wm wm wm wm wm
Si 6.35 6.52 6.58 5.51 6.52 6.46 6.60 6.42 6.13 6.52 6.50 6.52 6.15
Al 4.88 4.42 4.34 4.04 4.32 4.67 4.37 4.09 3.79 4.48 4.53 4.41 5.40
Mg 0.33 0.58 0.51 2.42 0.62 0.47 0.58 0.96 1.73 0.52 0.51 0.60 0.11
Na 0.10 0.03 0.03 0.02 0.04 0.04 0.02 0.06 0.01 0.04 0.04 0.07 0.19
Ca 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00
Ti 0.06 0.03 0.02 0.02 0.05 0.02 0.04 0.05 0.04 0.04 0.04 0.04 0.14
Fe 0.50 0.66 0.75 1.96 0.74 0.59 0.64 1.03 1.54 0.65 0.64 0.65 0.20
Mn 0.01 0.00 0.00 0.04 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00
K 1.94 1.95 1.99 0.89 1.98 1.91 1.87 1.81 1.39 1.93 1.89 1.91 1.77
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Table 2 (continued)
Sample no. DC1008_2 DC1008_3 DC1008_4 DC1008_5 DC1008_6 DC1008_7 DC1008_8 DC1008_9 DC1007_1 DC1007_2 DC1007_3 DC1007_4
Chemical composition (wt%)
SiO2 46.08 46.95 48.21 45.30 44.15 45.09 45.11 44.85 45.65 45.48 43.94 46.01
Al2O3 32.73 30.08 29.82 35.09 33.77 30.61 32.40 33.14 35.11 34.75 31.90 35.57
MgO 0.77 1.81 1.82 0.50 0.87 1.75 1.11 0.84 0.60 0.60 1.80 0.42
Na2O 0.36 0.26 0.24 0.38 0.32 0.33 0.34 0.36 0.49 0.53 0.46 0.74
CaO 0.00 0.21 0.25 0.06 0.16 0.07 0.02 0.04 0.03 0.01 0.00 0.00
TiO2 2.04 0.05 0.07 0.02 0.08 0.26 0.18 0.15 0.05 0.14 0.48 0.46
FeO 1.64 4.41 4.60 1.46 2.03 3.35 2.49 2.10 1.35 1.13 4.85 0.79
MnO 0.02 0.03 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.05
Cr2O3 0.06 0.03 0.03 0.04 0.00 0.02 0.01 0.02 0.03 0.00 0.03 0.00
K2O 10.89 10.29 10.16 10.82 10.82 10.48 10.82 10.79 10.99 10.81 10.61 10.41
Total 94.60 94.14 95.23 93.68 92.20 91.97 92.48 92.28 94.33 93.50 94.10 94.48
wm wm wm wm wm wm wm wm wm wm wm wm
Structural formulae on the basis of 22 negative charges
Si 6.22 6.43 6.51 6.15 6.13 6.31 6.25 6.21 6.16 6.18 6.08 6.16
Al 5.21 4.85 4.75 5.62 5.52 5.05 5.29 5.41 5.58 5.56 5.20 5.61
Mg 0.15 0.37 0.37 0.10 0.18 0.36 0.23 0.17 0.12 0.12 0.37 0.08
Na 0.10 0.07 0.06 0.10 0.08 0.09 0.09 0.10 0.13 0.14 0.12 0.19
Ca 0.00 0.03 0.04 0.01 0.02 0.01 0.00 0.01 0.01 0.00 0.00 0.00
Ti 0.21 0.01 0.01 0.00 0.01 0.03 0.02 0.02 0.01 0.01 0.05 0.05
Fe 0.19 0.50 0.52 0.17 0.24 0.39 0.29 0.24 0.15 0.13 0.56 0.09
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01
Cr 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K 1.88 1.80 1.75 1.87 1.92 1.87 1.91 1.91 1.89 1.87 1.87 1.78
Sample no. DC1007_5 DC1007_6 DC1007_7 DC1007_8 DC1007_9 DC1007_10 DC0831_1 DC0831_2 DC0831_3 DC0831_4 DC0831_5 DC0831_6
SiO2 45.09 45.13 45.07 45.32 46.52 45.47 45.64 45.26 44.68 44.71 44.03 44.52
Al2O3 33.97 33.68 35.08 35.17 34.63 33.95 30.00 30.21 31.30 29.95 30.10 29.87
MgO 0.60 0.66 0.54 0.62 0.72 0.68 1.50 1.60 1.22 1.73 2.07 1.53
Na2O 0.55 0.34 0.33 0.36 0.37 0.40 0.36 0.35 0.38 0.34 0.38 0.34
CaO 0.04 0.00 0.02 0.02 0.07 0.06 0.02 0.04 0.05 0.01 0.09 0.07
TiO2 0.39 0.31 0.16 0.07 0.02 0.37 0.73 0.67 0.72 0.71 0.80 0.67
FeO 2.90 2.08 1.24 1.65 1.25 1.87 3.86 3.94 3.64 4.48 4.59 3.99
MnO 0.03 0.00 0.00 0.00 0.01 0.00 0.01 0.03 0.02 0.01 0.03 0.00
Cr2O3 0.03 0.03 0.02 0.00 0.00 0.06 0.01 0.01 0.03 0.03 0.06 0.03
K2O 10.41 11.03 11.27 11.07 11.07 10.80 10.85 10.86 10.75 10.97 10.48 10.81
Total 94.00 93.26 93.75 94.28 94.67 93.66 93.00 92.96 92.82 92.93 92.62 91.84
wm wm wm wm wm wm wm wm wm wm wm wm
Structural formulae on the basis of 22 negative charges
Si 6.15 6.19 6.13 6.13 6.24 6.19 6.35 6.30 6.22 6.26 6.18 6.29
Al 5.46 5.44 5.62 5.61 5.48 5.45 4.92 4.96 5.14 4.94 4.98 4.97
Mg 0.12 0.14 0.11 0.13 0.14 0.14 0.31 0.33 0.25 0.36 0.43 0.32
Na 0.14 0.09 0.09 0.09 0.10 0.11 0.10 0.09 0.10 0.09 0.10 0.09
Ca 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01
Ti 0.04 0.03 0.02 0.01 0.00 0.04 0.08 0.07 0.07 0.07 0.08 0.07
Fe 0.33 0.24 0.14 0.19 0.14 0.21 0.45 0.46 0.42 0.52 0.54 0.47
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00
K 1.81 1.93 1.96 1.91 1.90 1.88 1.92 1.93 1.91 1.96 1.88 1.95
wm = white mica.
16
S.Cao
et
al./Journal
of
A
sian
Earth
Sciences
xxx
(2016)
xxx–
xxx
Please
cite
this
article
in
press
as:
Cao,S.,
et
al.R
heologicalw
eakening
of
high-grade
m
ylonites
during
low
-tem
perature
retrogression:
The
exhum
ed
con-
tinental
A
ilao
Shan-R
ed
R
iver
fault
zone,SE
A
sia.Journal
of
A
sian
Earth
Sciences
(2016),http://dx.doi.org/10.1016/j.jseaes.2016.10.002
Fig. 9. (a) Classification of the representative white mica phases in the diagram Si vs. Al. Chemical analyses are summarized in Table 1. (b) Phengite geobarometry after
Massonne and Schreyer, 1987.
S. Cao et al. / Journal of Asian Earth Sciences xxx (2016) xxx–xxx 17to 6.60 a.p.f.u. (Table 2) and are, therefore, phengitic compositions
and more muscovite-rich end members, occurring with a low Si a.
p.f.u. at ca. 6.1 (Fig. 9a). Application of the phengite barometry on
white mica based on the experimental calibration (Massonne and
Schreyer, 1987), the Si-high white mica grains at a temperature
of ca. 400 C yield a range of high pressure of ca. 5–7 kbar
(Fig. 9b) in the range of values reported for the amphibolite facies
conditions by Leloup et al. (1995) and Cao et al. (2010). Other mus-
covite grains with a low Si a.p.f.u. at ca. 6.4 (Table 2) yield a main
pressure range of ca. 5–1 kbar. Although the lowest pressure is not
assured, they still present the decreasing pressure path (Fig. 9b).
Most phengitic compositions with high-Si white mica occurs in
the matrix, however, muscovite is present in micro-shear zones
and matrix. The phengitic white mica, therefore, are inherited from
a metamorphic stage at a relatively high pressure, and white mica
did not reset to low-pressure during shearing and exhumation,
whereas the increase in the fraction of muscovite indicates a retro-
grade overprint during recrystallization at lower pressure condi-
tions during shearing. Decompression occurred during shearing
and as a result of tectonic exhumation.7. Discussion
7.1. Synkinematic low-temperature retrogressive overprint
Prior to this study, the microstructural and textural develop-
ment of late stage deformation in ASRR fault zone was largely
undocumented, although numerous high-quality data on struc-
tures and geothermochronometers have been published (e.g.,
Leloup et al., 1993; Searle, 2006; Cao et al., 2011a,b). The retrogres-
sive microfabrics of the exhumed DCS metamorphic massif along
ASRR fault zone documented in this study give insights into late
stages of retrogressive metamorphic and deformation processes
in the middle level of the crust below the ductile-to-brittle transi-
tion zone. The macro- and microstructures identified in these
mylonitic rocks are dominantly interpreted as the products of syn-
tectonic deformation during retrogression. The activation of slip
systems of quartz is temperature-sensitive because the c-axis ori-
entation of quartz changes with temperatures (e.g., Stipp et al.,
2002; Passchier and Trouw, 2005). As suggested by Toy et al.
(2008), the strong Y-maxima of quartz from the mylonites and
ultramylonites result from high ductile shear strain under amphi-
bolite facies conditions deep within the crust. Quartz c-axes from
the exhumed metamorphic rocks of DCS have revealed that crys-Please cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Scienctallographic preferred orientations preserve the record of poly-
phase deformation in these rocks. Quartz exhibits several slip
systems, including high-temperature slip systems combined
prisms hai and rhomb hai and low-temperature basal hai slip. It is
also noteworthy that these fabrics are formed by Y maxima super-
imposition onto crossed girdles or a single girdle. Asymmetric CPO
patterns of quartz indicate a late top-to-the-SE to ESE shearing,
which is consistent with field and microstructure observations.
The sheared minerals in the micro-shear zone represent fine-
grained, sheared bands, which represent mixtures of white mica
and chlorite with apparent disequilibrium boundaries. In most
cases, the chlorite thermometry yields temperatures ranging from
350 to 400 C. In the micro-shear zones, the thermometry results
from the sheared chlorite grains yield a temperature ranging from
300 to 240 C suggesting sub-greenschist facies conditions. The
lower temperature group is interpreted to result from late-stage
overprint by hydrous, possibly hydrothermal fluids, which affected
earlier formed microfabrics. Chlorite is seemingly accessible to
late-stage resetting. We also note that there is a continuous range
of phengitic white mica to nearly pure muscovite, which is usually
interpreted to monitor decompression. Cooling and decompression
occurred, therefore, during shearing and as a result of tectonic
exhumation.7.2. Reaction and textural weakening
Reaction weakening during deformation in DCS massif is an
important process, resulting in the replacement of relatively strong
mineral phases (e.g., K-feldspar) by intrinsically weaker mineral
phases (e.g., chlorite, muscovite). The formation of the weaker
mineral assemblage will lower the strength of the rock. Under
low-temperature deformation conditions, strong minerals (e.g.,
feldspar) remain rigid and deform predominantly by fracturing
(Fig. 5a–d), while the relatively weaker phases (e.g., muscovite,
chlorite, quartz) associated with fluids, deform in a crystal plastic
manner. Most of minerals of the mylonitic rocks are in arrested
replacement reaction relationships with low-grade weak meta-
morphic minerals, revealing a disequilibrium structure and min-
eral aggregates in most of microstructures. This is consistent
with the growing understanding that deformation associated with
metamorphic reactions replaces metastable minerals (e.g.,
Moecher and Wintsch, 1994; Holyoke and Tullis, 2006a,b;
Menegon et al., 2008; Habler et al., 2009; Marsh et al., 2009;
Wintsch and Yeh, 2015 and references therein). Experimental stud-rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
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covite, graphite (e.g., Lockner et al., 2011; Kuo et al., 2014) accom-
modate strain by dislocation glide over a wide range of
temperature and pressure conditions and are likely to be weak
over a wide range of crustal depths (e.g., Mares and Kronenberg,
1993). In fact, the strain rate was very likely defined by the rate
of progress of these weakening reactions. The more these reactions
progressed, the lower the volumetric mode of strong minerals, and
the stronger the preferred orientation of the weak minerals (e.g.,
muscovite, chlorite and quartz). The aggregate rock was deformed
by reaction-facilitated creep, a completely viscous process.
In the case of the DCS massif, another significant weakening
effect on the mineral assemblages is the preferred crystallographic
orientation developed on weak-phase minerals with alignment of
crystallographic axes of a particular phase (Wintsch and Yeh,
2015). The strong crystallographic fabrics produced in these mylo-
nitic rocks clearly support an interpretation of their syntectonic
development during low-temperature shearing. S-C fabrics are
common in the mylonitic rocks and lead to significant textural
weakening. Development of crystallographic fabrics depends on
the minerals involved, and the operation of their intra-crystalline
slip systems, and the kinematics and movement direction along
the shear zone. Muscovite and chlorite should form in the bound-
aries of feldspar grains facing the orientation of principal stresses.
With increasing strain, stretching and elongation of the weaker
minerals occur so that they become interconnected, wrapping or
dragging around isolated, rigid prophyroclasts producing an inter-
connected weakened-layer microfabrics (Fig. 5), where the new
muscovite and chlorite with quartz grains would define a new foli-
ation. The new muscovite grain apparently formed in an orienta-
tion for easy dislocation glide and so established the C foliation
direction with chlorite. Chlorite and muscovite form in contiguous
bands and folia while quartz precipitates in ribbons as the foliation
is weakening (e.g., Imber et al., 1997; Wintsch and Yeh, 2015).
Experimental studies have revealed that foliated phyllosilicate-
rich rocks appear to be significantly weaker than massive
quartzo-feldspathic rocks when deformed under similar pressure,
temperature and strain conditions (e.g., Shea and Kronenberg,
1993; Niemeijer and Spiers, 2005). Thus, the syntectonic nature
of the reactions in which the relatively high normal and shear
stresses drive diffusion to produce monomineralic banding hasFig. 10. A general tectonic model of retrogression
Please cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencthe largest impact on weakening of these rocks: weakening by tex-
tural softening during metamorphic reaction softening (e.g.,
Gueydan et al., 2003; Ikari et al., 2011; Wintsch and Yeh, 2015).7.3. Fluid flow at the ductile-brittle transition zone
Detailed macro- and microstructural analysis has revealed that
ductile fabric-forming mylonites are not the last stage of deforma-
tion in the DCS massif along ASRR shear zone. The coexistence of
recrystallized polygonal quartz grains and fractured feldspar grains
with irregular boundary induced by both plastic and brittle defor-
mation, as well as local ultra-cataclasites, indicate retrograde
deformation at the ductile to ductile-brittle transition zone
(Brander et al., 2012). The extensional microfractures of feldspar
grains filled by dragged chlorite are commonly oriented oblique
or subparallel to the penetrative foliation (shear plane), indicating
a simple shear component. The transition from viscous to brittle
behavior may also be a consequence of the exhumation and con-
comitant cooling of these rocks, as would be consistent with their
younger age. In this case, cooling with exhumation at constant flow
strength would move the rocks from the interior to the strength
envelope to the frictional limit, where brittle failure would occur.
Mineralogical, geochemical and isotopic studies have docu-
mented the importance of fault zones as advective pathways for
metamorphic fluids (e.g., Yardley and Baumgartner, 2007), yet
the relationship between fluid migration and mylonitization in
deep crustal shear zone are still poorly understood in the ASRR
fault zone. During low-temperature retrogression deformation,
micro-shear zones appear to have been zones of more focused
and discrete deformation and fluid–rock interaction in comparison
to earlier high-temperature fabrics. This re-equilibration is facili-
tated by fluid-rock interaction, and new mineral assemblages are
often developed in discrete zones of extensive retrogression in
ASRR fault zone as well as in fault zones elsewhere in the world
(e.g., Kreulen, 1980; Cartwright and Buick, 1995; Buick and
Holland, 1989; Cao et al., 2013), triggered, e.g., by inflow of mete-
oric water through subvertical veins (e.g., Siebenaller et al., 2013).
The chlorite and muscovite are interpreted to have precipitated
from a metamorphic fluid that circulated along dilatant fractures
during retrograde, greenschist facies mylonitization. Theserelated to late-stage ductile-brittle transition.
rade mylonites during low-temperature retrogression: The exhumed con-
es (2016), http://dx.doi.org/10.1016/j.jseaes.2016.10.002
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plane as the dilatant shear surfaces documented above.
The fluid must have occurred in the fractures and during
mylonitization, as evidenced by the fact that grain boundary
migration in feldspar continued after the nucleation and growth
of white mica and chlorite. Fluid migration in shear zones occur,
when a permeable porosity is dynamically created by viscous
grain-boundary sliding, creep cavitation, dissolution and precipita-
tion. By enhancing fracturing and enabling pressure solution, the
fluid contributed to the rapid creation of interconnected porosity
at sites of stress concentration and/or preexisting weakness. The
strain-dependent changes in microstructure and fluid distribution
in fault zones have important implications both for the evolution of
fluid pathways in the continental crust, and for the permeability of
crustal rocks at the brittle to viscous transition.
At the ductile-brittle transition, retrogressed sheared rocks are
most common and fluid flow is proven by mineral precipitation
like chlorite along the overlying cataclastic carapace (Fig. 10). This
also involves leaching of elements and minerals mostly from the
crust. The sources of hydrous fluids could be from three basic
sources (Fig. 10), which include: (1) descending meteoric water
(and possibly seawater) from sedimentary basins or the surface
(e.g., Yardley et al., 2000), which infiltrates along brittle normal
faults toward depth; (2) ascending magmatic-induced hydrous
fluid flow during exhumation of metamorphic rocks, e.g., from
synextensional granites (e.g., Zong et al., 2010); and (3) the higher
than normal heat flow also might trigger metamorphic dehydra-
tion reactions at depth, like decomposition of chlorite, muscovite
or biotite, which then yields a significant amount of uprising
hydrous metamorphic fluids. The flow of hydrous fluids triggers a
number of processes along zone of shearing and retrogression dur-
ing ductile-brittle transition, among which the lowering the shear
stress of rock-constituting minerals like quartz (Tullis and Yund,
1989; Chernak et al., 2009), sericitization of feldspar and chloritiza-
tion are the most important ones. On one hand, fluid can weaken
rocks because it induces pressure solution at grain boundaries
(Rutter, 1983), and enhances intracrystalline dislocation mobility
(e.g., Gower and Simpson, 1992). Thermally activated dislocation
creep (involving both grain boundary migration and sub-rotation
recrystallization) and fracturing were thus the dominant deforma-
tion mechanisms in our study are and also evidenced by
experiments (Tullis et al., 2007).
7.4. Strain localization and rheological weakening implications
Previous studies indicate that the deep crustal rocks exposed
within the DCS massif along ASRR shear zone and exhumed since
late Oligocene (ca. 28 Ma) to Pliocene (ca. 4 Ma) (Cao et al.,
2011a) typically involve dynamic microstructural, textural and
thermal evolution processes, which record a progressive deforma-
tion and syn-kinematic reactions from ductile to semi-ductile and
brittle behavior during exhumation. This transformation also
resulted in dramatic strength reduction that promoted strain local-
ization and rheological weakening along the normal fault zone in
the eastern DCS. The rheology of these rocks as a whole is then con-
trolled by the rheological weakening through newly formed weak
phases associated with retrograde greenschist facies overprint of
the early high-temperature rocks within ductile to ductile-brittle
transition. Strain weakening in this zone was a direct result of
grain size reduction and phase mixing during transient brittle
deformation. Given that quartz and especially muscovite and chlo-
rite are substantially weaker than feldspar (e.g., Dell’Angelo and
Tullis, 1996; Hirth and Tullis, 1989; Shea and Kronenberg, 1993),
the operation of these reactions that dissolve the stronger feldspars
and precipitate weaker muscovite, chlorite and quartz must
weaken the overall rock. However, the details of the weakeningPlease cite this article in press as: Cao, S., et al. Rheological weakening of high-g
tinental Ailao Shan-Red River fault zone, SE Asia. Journal of Asian Earth Sciencprocess and how it leads to strain localization and the maintenance
of such zones is not well understood.
Strain localization and weakening by syndeformational reac-
tions, which form fine-grained products enhancing diffusion-
accommodated grain boundary sliding (e.g., Rubie, 1990; Rutter
and Brodie, 1988; Newman et al., 1999; Stünitz and Tullis, 2001;
Keller et al., 2004; de Ronde et al., 2004, 2005; Holyoke and
Tullis, 2006a,b,c; Terry and Heidelbach, 2006; Gonçalves et al.,
2015). Reaction weakening can also influence the rheology in sev-
eral other ways, including: the promotion of high pore pressure
owing to dehydration reactions (e.g., Olgaard et al., 1995); crystal-
lization of weak phases that deform easily by crystal plasticity (e.g.,
Rubie, 1990); or weakening owing to transformation plasticity
(e.g., Schmidt et al., 2003). In this study, the role of weakening
by formation of second phases (e.g., chlorite, muscovite) on the
rheology and microstructural evolution of mineral aggregates
associated with fluid promotes strain localization in the polyphase
rocks in the ASRR shear zone. Continental strike-slip fault zones are
structural and mechanical heterogeneities that accommodate
localized deformation on different scales (e.g., Handy, 1998;
Handy et al., 2007). The switch in deformation mechanism and
possible weakening of the rock occurs toward the shear zone cen-
ter caused by the grain size reduction and phase mixing, especially
in thinned quartz layers to the mica + chlorite layers is a progres-
sive strain feature, so that is must have occurred subsequent to ini-
tial deformation increments. The syntectonic reaction softening
process involving chemical breakdown and alteration of such min-
erals as feldspar to muscovite and biotite to chlorite associated
with fluids, leads to a permanent change in mineralogy with con-
siderable rheological consequences.8. Conclusion
Detailed analysis of microfabrics from mylonitic rocks in the
ASRR shear zone in the DCS metamorphic massif, Yunnan Province
(in SE Asia) show evidence for strain localization and rheological
weakening at greenschist facies conditions during cooling and
exhumation through the ductile-brittle transition. Analysis has
revealed the preservation of relictic microfabrics formed at high-
temperature (amphibolite facies) conditions to low-temperature
microfabrics (240–400 C). Small micro-shear zones contain very
fine-grained sheared bands with mixtures of white mica and chlo-
rite with apparent disequilibrium boundaries. Retrogressive
microstructures, low-temperature fabrics and chloritization in
these mylonitic rocks (formed at temperatures of ca. 400–280 C)
in the ASRR shear zone developed during late-stage SE-directed
extension potentially resulting from late-stage hydrothermal over-
print. The flow of hydrous fluids resulted in resetting of fabrics and
enhancement of ductile deformation.
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